The cytokine secretion of the Salmonella-permissive, HLA-B27-positive U937 cells was examined, as it was previously shown that these cells kill Salmonella less efficiently than controls. Salmonella-permissive U937 cells showed upregulated production of interleukin 10 and to a lesser extent tumor necrosis factor alpha. HLA-B27-associated modulation of cytokine responses may have importance in the pathogenesis of reactive arthritis.
Cytokines are key mediators of several physiological and pathophysiological host responses during inflammation and infection. During infection with intracellular bacteria, a T helper type 1 (Th1) response (e.g., gamma interferon [IFN-␥] and tumor necrosis factor alpha [TNF-␣]) triggering cell-mediated immunity is normally needed to effectively eliminate the infectious agent (3, 27) . TNF-␣ can induce the formation of many important proinflammatory mediators as well as antagonizing cytokines. The downregulation of immune responses via macrophage deactivation by anti-inflammatory cytokines (e.g., interleukin 10 [IL-10] or transforming growth factor beta) is important as well (4) . Activated monocytes and macrophages form the major source of TNF-␣ and IL-10. IL-10 inhibits cytokine synthesis by activated T cells, natural killer cells, and monocytes/macrophages (10) . Importantly, it also inhibits the antimicrobial functions of monocytes by downregulating major histocompatibility complex (MHC) class II expression and suppressing the production of proinflammatory cytokines (9) . IL-10 thus acts as a powerful anti-inflammatory agent during host defense and may turn to be harmful to the host, especially during infection with intracellular microbes. Thus, the balance between synthesis of pro-and anti-inflammatory cytokines is essential for the ability of the host to efficiently kill and eliminate intracellular microbes with minimal tissue damage.
Reactive arthritis (ReA) is a quite commonly seen postinfectious complication triggered by certain obligatory or facultative intracellular microbes, including Salmonella. ReA most frequently develops in susceptible HLA-B27-positive persons, although the reason(s) for this firm association has remained unclear (22) . Recently we have demonstrated the enhanced survival of Salmonella within HLA-B27-transfected human monocytic cells (21) and mouse fibroblasts (29) in vitro. These observations suggest that in addition to previously known functions of MHC class I molecules in antigen presentation, HLA-B27 may have a role in directly modulating host-microbe interactions during Salmonella infection. Interestingly, Hahn et al. have reported that MHC class I molecules may participate in modulating viral replication by mechanisms unrelated to the antigen presentation (15) . Our previous findings prompted us to study the production of some pivotal pro-and anti-inflammatory cytokines of HLA-B27-transfected (termed Salmonella permissive) and HLA-A2-transfected (Salmonella nonpermissive) human monocytic U937 cells during Salmonella infection. We hypothesized that failure to mount an appropriate cytokine response could lead to an impaired capacity to kill Salmonella.
Salmonella permissive U937 cells synthesize more IL-10 than Salmonella-nonpermissive cells during Salmonella infection. To study the capacity of transfected U937 cells to synthesize certain pivotal cytokines during Salmonella infection, we measured the protein and mRNA synthesis of TNF-␣ and IL-10 using the same experimental setup described earlier (21) . U937 cells were transfected with either DNA containing the gene or cDNA of HLA-B*2705 or DNA containing the HLA-A2 gene, as described earlier (21) . Cells were cultured in tissue culture flasks (Greiner, Frickenhausen, Germany) under lipopolysaccharide (LPS)-free conditions (11) in VLE RPMI 1640 medium (Seromed; Biochrom KG, Berlin, Germany) containing 10% heat-inactivated fetal calf serum, 1.8 mM L-glutamine (both from Biological Industries, Kibbutz Beit Herennek, Israel) and 0.75 mg of Geneticin (Sigma, St. Louis, Mo.)/ml at 37°C in humidified 5% CO 2 -95% air. Precautions were taken to prevent endotoxin contamination during experimental procedures. The culture medium was filtrated through an Ultrafilter 2000 column (Gambro medizintechnik, Munich, Germany) after the addition of supplements other than fetal calf serum. Differentiation of premonocytic U937 cells toward more mature macrophage-like cells was induced by incubating the cells with phorbol myristate acetate (PMA) (Sigma) before infection or LPS stimulation as described earlier (21) . In brief, cells were seeded into 250-ml culture flasks (Greiner), six-well plates (Corning, Acton, Mass.), or 24-well plates (Greiner) in a concentration of 1 million cells/ml and incubated with 10 ng of PMA/ml at 37°C for 24 h. The infection of PMA-stimulated U937 cells with Salmonella was performed as described earlier (21) . Briefly, the Salmonella enterica serovar Enteritidis strain that was originally isolated from a patient with Salmonellatriggered ReA was grown in Luria-Bertani broth at 37°C to the logarithmic phase of growth. After the 24-h preincubation with PMA, the adherent cells were washed once with filtrated phosphate-buffered saline (PBS) and then overlaid with fresh VLE RPMI 1640 medium containing 10% human AB serum (Finnish Red Cross, Helsinki, Finland). PMA-stimulated U937 cells were cocultured with Salmonella at a 1:5-to-10 cell/bacterium ratio for 1 h at 37°C. After three careful washes with PBS, the cells were overlaid with fresh incubation medium containing 50 g of gentamicin (Biological Industries)/ml and incubated at 37°C. After the defined periods of time, supernatants were collected, cells were harvested, and viable and dead cells were counted after staining with Trypan blue. To determine the number of viable intracellular bacteria, cells were lysed with 1% Triton X-100, resuspended in PBS, and cultured in LuriaBertani broth plates after serial dilutions. In 24-well plates, the cells were counted and lysed without detachment, and the number of bacteria was reported as CFU recovered/well. Cytokine secretion was measured from cell supernatants using commercially available enzyme-linked immunosorbent assay (ELISA) kits for TNF-␣ and IL-10 (Amersham International plc, Buckinghamshire, United Kingdom) following the instructions of manufacturers. Similar results were obtained with sandwich ELISA using antibody pairs for measurement of TNF-␣ and IL-10 (mAb1 and mAb11 for TNF-␣; JES3-9D7 and JES3-12G8 for IL-10; Pharmingen, San Diego, Calif.). The absorbances were detected with a Victor Multilabel Counter (Wallac Oy, Turku, Finland) at a wavelength of 450 nm (ELISA kits) or at 405 nm (sandwich ELISA). According to the manufacturers, the assays used do not show any crossreactivity with a variety of other cytokines. Statistical comparison was performed using either unpaired two-tailed Student's t test or the Mann-Whitney U test, and the appropriate test was chosen according to the characteristics of the data.
Our study revealed that the infection of PMA-stimulated U937 cells with Salmonella induced a rapid secretion of TNF-␣ followed by the synthesis of IL-10 ( Fig. 1A) . The production of TNF-␣ was rapidly induced, and maximal secretion occurred 4 to 10 h postinfection. Salmonella-permissive (HLA-B27) U937 cells tended to secrete more TNF-␣ than Salmonella-nonpermissive (HLA-A2) cells during the first 10 h after the infection; however, the difference was not statistically significant. IL-10 secretion was detected at 4 h postinfection, and maximal secretion occurred at 24 h after the infection. Interestingly, Salmonella-permissive U937 cells produced more IL-10 during the first 3 days postinfection than the Salmonella-nonpermissive cells. However, independent HLA-B27-transfectants had slightly different cytokine profiles during infection, although they were identical in their bacterial load. Notably, HLA-A2 transfectants secreted constantly the smallest amount of cytokines. Moreover, the enhanced secretion of cytokines by Salmonella-permissive U937 cells seemed to be specific for infection, since all transfectants showed similar secretion of TNF-␣ and IL-10 after the pretreatment with PMA or the internalization of Latex beads (data not shown). Nonstimulated cells secreted no IL-10 or TNF.
Cytokine mRNA expression was studied using the Northern hybridization technique to see whether the differences in the secretion of TNF-␣ and IL-10 originated with different regulation on the transcriptional level. Up to 10 million cells were collected, quickly resuspended in Lysis buffer RLT (Qiagen GmbH, Hilden, Germany) and frozen at Ϫ70°C. Total RNA was extracted using an Rneasy kit (Qiagen GmbH) following the manufacturer's instructions, resuspended in diethyl pyrocarbonate-treated water, and stored at Ϫ70°C until used. agarose gel containing 6.6% formaldehyde. After gel electrophoresis, RNA was transferred in a positively charged Hybond Nϩ nylon membrane (Amersham) and bound in UV light with the Spectrolinker (Spectronics Corporation, Westbury, N.Y.). Prehybridization was performed in a hybridization buffer containing 0.25 M Na 2 HPO 4 , 1 mM EDTA, and 20% sodium dodecyl sulfate at 68°C for 1 h. Hybridization was performed using 2.5 to 3 ng of digoxigenin-labeled TNF-␣, IL-10, or ␤-actin probes/ml at 68°C overnight. A 600-bp HindIII/XhoI fragment from exon 4 of the TNF-␣ gene (kindly provided by Elisabeth Weiss) (14) , a purified PCR-generated 204-bp cDNA fragment of IL-10 (23), or a 465-bp cDNA fragment of ␤-actin (6) were used as probes. IL-10 and ␤-actin probes were generated from high yields of IL-10-and ␤-actin-specific cDNAs synthesized by reverse transcription-PCR using specific primers (6, 23) . cDNA was purified by agarose gel electrophoresis and using the QIAquick Gel Extraction kit (Qiagen) following the manufacturer's instructions. Probes were labeled with digoxigenin-dUTP (Boehringer Mannheim GmbH, Mannheim, Germany) with a random priming method. After hybridization, the membranes were washed with a buffer containing 20 mM Na 2 HPO 4 , 1 mM EDTA, and 1% sodium dodecyl sulfate three times at 65°C. Nonspecific binding was blocked with 0.5% blocking reagent (Boehringer Mannheim) before the detection of successful hybridization using Fab fragments of anti-digoxigenin-AP antibodies (Boehringer Mannheim). Chemiluminescence signals derived from hybridized probes were detected on X-ray films (Kodak), and the results were analyzed using a computer-based image analysis system. Nonstimulated U937 cells showed negligible expression of TNF-␣ or IL-10 mRNA (data not shown). Salmonella infection rapidly induced the transcription of TNF-␣ and IL-10 mRNA (Fig. 1B) Maximal TNF-␣ mRNA expression was detected 1 to 4 h postinfection and was thereafter rapidly downregulated. Salmonella infection had already induced the expression of IL-10 mRNA 1 h postinfection, and maximal expression was observed at 4 h after the infection. Salmonella-permissive U937 cells expressed clearly more IL-10 mRNA than Salmonellanonpermissive cells. By using a highly sensitive reverse transcription-PCR method, we could observe a difference in IL-10 mRNA expression at 4 days postinfection (data not shown). Thus, mRNA and protein results correlated well to each other concerning IL-10. On the basis of several experiments, there also was a tendency for Salmonella-permissive U937 cells infected with Salmonella to express more TNF-␣ mRNA than nonpermissive cells, but the difference was not as clear as in the case of IL-10.
The modulation of cytokine levels does not effect the killing capacity of transfected U937 cells. To examine the role of IL-10 and TNF-␣ in the survival of Salmonella in U937 cells, 10 ng of recombinant human IL-10 (rh-IL-10) (R&D Systems Inc., Minneapolis, Minn.)/ml, 5 g of neutralizing antihuman MAb against IL-10 (IL-10 MAb) (R&D Systems Inc.)/ml, or 0.1 to 1 g of neutralizing antihuman MAb against TNF-␣ (anti-TNF-␣ MAb) (Genzyme Diagnostics, Cambridge, Mass.)/ ml was added to the fresh incubation medium after a 1-h infection period.
The administration of rh-IL-10 yielded the high and extended accumulation of IL-10, while anti-IL-10 MAb clearly decreased, but did not abrogate, the IL-10 levels in the supernatants of transfected Salmonella-infected U937 cells (data not shown). Surprisingly, despite the remarkable differences in IL-10 concentrations caused by rh-IL-10 or anti-IL-10 MAb, no profound differences in the survival of Salmonella were detected ( Fig. 2A) . Salmonella-permissive U937 cells contained more viable bacteria than Salmonella-nonpermissive cells, as expected. In addition, the incubation of U937 cells with rh-IL-10 dramatically abrogated the Salmonella-induced TNF-␣ secretion at 24 h postinfection, while anti-IL-10 MAb had no constant effect (data not shown). The administration of rh-IL-10 slightly decreased the number of viable Salmonellainfected U937 cells, while anti-IL-10 MAb did not influence the cell viability (data not shown).
To conclude, the better survival of Salmonella within HLA-B27-positive cells in vitro seemed not to be a direct (24) Nevertheless, there are controversial reports concerning the genetic susceptibility to Salmonella and cytokine responses. As a conclusion, according to previous reports and the present data, it seems that the high level of production of IL-10 during infection with Salmonella correlates to a more severe disease outcome in vivo, while the correlation in vitro stays unclear.
There was no secreted TNF-␣ detectable in cell supernatants of the Salmonella-infected U937 cells after the use of neutralizing anti-TNF-␣ MAb (data not shown). The neutralization of secreted TNF-␣ did not remarkably influence the intracellular survival of Salmonella (Fig. 2B) . The viability of cells was not affected by the use of anti-TNF-␣ MAb (data not shown). Cell-mediated immunity and the involvement of TNF-␣ have been shown to be important for the clearance of Salmonella in mice (27) . In a recent study, intracellular TNF-␣ was able to signal via the p55 receptor to target NADPH phagocyte oxidase to the Salmonella-containing phagosome, which appeared to be crucial in the killing of Salmonella for mice in vivo and by murine macrophages in vitro (28) . The present data suggest that autocrine TNF-␣ production is not important in the capacity of U937 cells of human origin to clear Salmonella in vitro. This conclusion is based on the following observations: (i) the Salmonella-permissive cells showed an elevated secretion of TNF-␣ compared to the Salmonella-nonpermissive cells; (ii) the use of neutralizing MAbs against TNF-␣ did not clearly affect the survival of Salmonella; and (iii) the administration of rh-IL-10 strongly downregulated endogenous secretion of TNF-␣ with only slight effects on the clearance. Evidently, the requirement for TNF-␣ for the capacity of macrophages to kill Salmonella is different in vitro than in the in vivo environment and perhaps also in humans compared to mice.
LPS induces upregulated synthesis of TNF-␣ and IL-10 for Salmonella-permissive U937 cells. To address the question of whether viable Salmonella bacteria, or merely microbial antigens, were needed to induce the upregulated production of TNF-␣ or IL-10 by Salmonella-permissive U937 cells, the PMA-stimulated cells were incubated with 10 to 100 ng of S. enteritidis LPS (Sigma)/ml for 7 days. The LPS dose (50 ng/ ml) was selected for further experiments because it could induce cytokine production in all transfectants without affecting the cell viability. Cytokine mRNA and protein measurements were performed as described above, with the exception that only 10 g of mRNA was loaded on the gel for Northern hybridization. Compared to the Salmonella-nonpermissive U937 cells, the permissive cells generated more TNF-␣ and IL-10 on both the mRNA level and the protein level after stimulation with LPS ( Fig. 3A and B) . The expression of TNF-␣ mRNA was induced at 1 h after the incubation of PMA-stimulated U937 cells with LPS, followed by protein secretion after 4 h of incubation. In contrast to the case of infection with Salmonella, TNF-␣ secretion continued for 3 days during LPS stimulation. IL-10 secretion was induced 4 h after the beginning of incubation and continued steadily for 7 days despite downregulation in the mRNA level after 24 h (data not shown). These results indicate that the production of TNF-␣ and IL-10 during LPS stimulation is regulated both by transcriptional and posttranscriptional mechanisms. The expression of putative LPS receptors (CD11b, CD11c, CD14, and CD18) on transfected U937 cells before and after PMA pretreatment was also studied, but no differences between transfectants were found (data not shown). Thus, the stronger response of Salmonella-permissive U937 cells to Salmonella or its LPS was not due to differences in the expression of these putative LPS receptors. The expression of the novel LPS receptor, Toll-like 4, was not investigated due to the lack of available antibodies, but it would be of interest in further studies.
Although viable bacteria have not been detected in joints by culturing, there is increasing evidence that bacterial antigens, especially LPS, and nucleic acids can occur in the joints and peripheral blood of patients with ReA (12, 13, 26) . Despite several different hypotheses, it is currently unknown how bacteria interact with HLA-B27 and modify the immune system to give rise to the onset of HLA-B27-associated arthritides (18) . It would most likely to be of importance if HLA-B27 molecules could modulate the cytokine responses in a complex in vivo system. In the present report we demonstrated that the presence of HLA-B27 was associated with the high production of IL-10, and to a lesser extent TNF-␣, by U937 cells during the infection with Salmonella. The differences in the cytokine production were measured also at the early time points when the intracellular bacterial numbers were still equivalent. However, the different cytokine profiles produced did not provide any direct explanation for the killing deficiency of HLA-B27-positive cells. Interestingly, Salmonella LPS as such induced remarkable differences in cytokine synthesis between the Salmonella-permissive and Salmonella-nonpermissive U937 cells. Previously, the expression of HLA-B27 was shown to promote the induction of c-fos and monocyte chemoattractant molecule in HeLa cells after the invasion of S. enterica serovar Typhimurium (17) . It may be that in addition to previously known functions of MHC class I molecules in antigen presentation, HLA-B27 has a role in directly modulating host-microbe interactions by modifying cytokine synthesis during Salmonella infection. In fact, the MHC genotype has been suggested to affect cytokine production in mice and humans by non-antigenspecific mechanisms (7). More importantly, HLA-B27 was recently shown to have a tendency to misfold, and the HLA-B27 misfolding could generate a cellular stress response and induce nuclear B activation, followed by the production of cytokines (8) .
On the basis of the present data, the secretion of TNF-␣ seemed not to be crucial in the killing of Salmonella in this model. In addition, the administration of rh-IL-10 or antihuman IL-10 MAb affected the killing capacity only slightly or not at all. Generally, cell-mediated immunity, or the Th1-type immune response, is required for the clearance of ReA-triggering microbes, including Salmonella (27) . However, evidence exists for the predominance of the Th2-type response in the synovial fluid cells of patients with ReA. The IL-10/IFN-␥ and IL-10/TNF-␣ ratios were especially high after the stimulation of synovial fluid cells derived from ReA patients with causative bacteria in vitro (30) . Besides, IL-10 and IFN-␥ mRNA were relatively abundant in synovial tissue samples in Chlamydiaassociated arthritis (20) , and the expression of several cytokines, including IL-10, was detected in peripheral blood mononuclear cells of patients with Salmonella-triggered ReA (19) . The role of TNF-␣ in the course of ReA is still not clear. The capacity to induce a high level of production of TNF-␣ has been proposed to associate with HLA-B27 positivity and ReA (25) . In contrast, low secretion of TNF-␣ by peripheral blood mononuclear cells derived from ReA patients was found to correlate to the HLA-B27 positivity and chronicity of the disease in another study (5) . Allelic variation in the TNF-␣ promoter region seemed to influence susceptibility of HLA-B27-positive individuals to develop ankylosing spondylitis (16) . Taken together, assuming that the persistence of arthritis-triggering microbes is important in the development of arthritis, the failure to mount the most appropriate cytokine response could contribute to the ineffective clearance of microbes and finally to the pathogenesis of ReA.
